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IN THE UNITED STATES PATENT & TRADEMARK OFFICE

IN RE APPLICATION OF: :

THORSTEN SCHUTTE, ET AL. : ATTN: APPLICATION DIVISION

SERIAL NO: NEW US PCT APPLICATION :

(based on PCT/EP98/07729)

FILED: HEREWITH :

FOR: TRANSFORMER :

PRELIMINARY AMENDMENT

ASSISTANT COMMISSIONER OF PATENTS
WASHINGTON, DC 20231

Prior to examination on the merits, please amend the above-identified application as

follows:

IN THE CLAIMS

Please cancel Claims 1-22 without prejudice or disclaimer and add Claims 23-45 as

follows:

—23. A transformer comprising:

a high voltage winding having turns; and

a low voltage winding having turns, wherein,

each of said high voltage winding and said low voltage winding being

magnetically permeable and having a flexible conductor that is configured to contain an

electric field, and



the turns of the high voltage winding being intermixed with turns of the low

voltage winding.

24. A transformer according to claim 23, wherein:

said low voltage winding being wound as a low voltage winding layer

positioned between two corresponding adjacent high voltage winding layers.

25, A transformer according to claim 23, wherein:

respective layers of said high voltage winding and said low voltage winding

being arranged in a repeated periodic pattern comprising one high voltage winding layer,

followed by a low vohage winding layer, followed by two high voltage winding layers, and

fi followed by repetitions of a low voltage winding layer, followed by another two high voltage

winding layers.

rlJ 26. A transformer according to claim 23, wherein:

!^ at least one of the turns of the low voltage winding being split into subtums,

m each of said subtums being connected in parallel so as to reduce a difference between a

O number ofhigh voltage winding turns and a number of low voltage winding turns.

27. A transformer according to claim 26, wherein:

each tvim of the low voltage winding being split into parallel-connected

subtums equal in number to a corresponding number ofhigh voltage winding tums.

28. A transformer according to claim 27, wherein:

the tums of the high voltage winding and the tums in the low voltage winding

being arranged symmetrically in a chessboard pattern, when viewed in a cross-section

through said high voltage winding and said low voltage winding.

29. A transformer according to claim 23 wherein:

-2-



the flexible conductor comprises

a central electrical conductor;

a first layer having semi-conducting properties provided aroimd said electrical

conductor;

a solid insulating layer provided around said first layer; and

a second layer having semi-conducting properties provided aroimd said solid

insulating layer and configured to contain an electric field in the flexible conductor.

30. A transformer according to claim 29, wherein:

a potential on said first layer being substantially equal to a potential on the

conductor.

31. A transformer according to claim 29, wherein:

said second layer being arranged to constitute substantially an equipotential

surface surrounding said conductor.

32. A transformer according to claim 3 1 , wherein:

said second layer being connected to a node at a predetermined potential.

33. A transformer according to claim 32, wherein:

said predetermined potential being ground potential.

34. A transformer according to claim 29, wherein:

at least one pair of said first layer and said solid insulating layer, and said solid

insulating layer and said second layer having substantially equal thermal expansion

coefficients,

35. A transformer according to claim 29, wherein:



said central electrical conductor comprises a plurality of strands ofwire, only a

minority of said strands being in electrical contact with each other.

36. A transformer according to claim 29, wherein:

each of said first layer, said soUd insulating layer and said second layer being

fixedly coimected to a respective adjacent layer along substantially a whole connecting

surface.

37. A transformer according to claim 29, wherein:

the flexible conductor further comprises a metal shield and a sheath.

38. A transformer according to claim 29, wherein:

a cross-section area of said central electrical conductor being in an inclusive

range of 80 through 3000 mm^,

39. A transformer according to claim 23, wherein:

an external diameter of the flexible conductor being in an inclusive range of 20

though 250 mm.

40. A transformer according to claim 23, further comprising:

struts of laminated magnetic material located between said high voltage

winding and said low voltage winding.

41 . A transformer according to claim 23, wherein:

the electric field contained in the flexible conductor being fi-om a high voltage

in said conductor in excess of 36 kV.

42. A transformer according to claim 23, wherein:

the flexible conductor being configured to handle a power in excess of 0.5

MVA.



43. A method ofwinding a transformer, comprising steps of:

simultaneously winding a high voltage flexible conductor and a low voltage

flexible conductor configured to contain an electric field and being magnetically permeable to

form a high voltage winding and a low voltage winding; and

intermixing tums of the high voltage winding with turns of the low voltage

winding.

44. A method according to claim 43 wherein:

said simultaneously winding step comprises simultaneously imwinding the

high voltage winding and the low voltage winding from respective drums and winding the

high voltage flexible conductor and the low voltage flexible conductor on to a transformer

drum.

45. A transformer comprising:

a high voltage winding having tums; and

a low voltage winding having tums, wherein,

each of said high voltage winding and said low voltage winding comprising

means for handling a high voltage and containing an electric field associated with said high

voltage, and

the tums of the high voltage winding being intermixed with tums of the low

voltage winding.

said means for handling a high voltage includes means for setting an electric

potential of an outer surface of at least one of said high voltage winding and said low voltage

winding to groxmd potential.--



REMARKS

Favorable consideration of this Application as presently amended is respectfully

requested.

Claims 23-45 are active in the present Application; Claims 1-22 having been canceled

and Claims 23-45 added by way of the present Preliminary Amendment. The new claims

have been added to be in a form that is consistent with U.S. claim drafting practice. It is

therefore believed that no issues ofnew matter have been raised.

Entry of the enclosed substitute specification is respectfully requested. Because

several amendments have been made to the specification, consistent with U.S. patent drafting

practice, a marked-up copy of the original application is filed herewith. To the extent that any

of the changes made by the substitute specification are deemed to be substantively

inconsistent with the originally filed specification, these changes should be construed as

typographical errors and the language included in the originally-filed PCT application should

be construed as containing the controlling language.

The present document is one of a set of patent applications containing related

technology as was discussed in "response to petition under 37 C.F.R. §1.182 seeking special

treatment relating to an electronic search tool, and decision on petition under 37 C.F.R.

§1.183 seeking waiver of requirements under 37 C.F.R. §1.98," filed in the holding

apphcation (U.S. Patent Apphcation No. 09/147,325). Consistent with this decision, a copy

of the decision is filed herewith. Also, an Information Disclosure Statement is filed herewith

including a PTO Form 1449 with references that are included as part of the specially-created

official digest in class 174. It is believed that submission of these materials and the reference



to the holding application (Serial No. 09/147,325) is sufficient for the present Examiner to

consider the references in the holding application, consistent with the decision.

Accordingly, examination on the merits of Claims 23-45 is believed to be in order,

and an early and favorable action is respectfully requested.

Respectfully submitted,

OBLON, SPIVAK, McCLELLAND,
MAIER & NEUSTADT, P.C.

Registration No. 25,599

Bradley D. Lytle

Registration No. 40,073

Attorneys ofRecord

Crystal Square Five - Fourth Floor

1755 Jefferson Davis Highway
Arlington, VA 22202

(703)413-3000

Fax #: (703) 413-2220 WILLIAM E. BEAUMONT
GJM/BDL/JFC:jms REGISTRATION NUMBER 30,996
I:\atty\jfc\9847\0062\98470062-6xpct.am.wpd
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T^^SFORMER

The present invention relates to a power transformer

comprising at least one high voltage winding and one low

5 voltage winding.

The term "power transformer" as used herein means a

transformer having a rated output from a few hundred kVA to

more than 1000 MVA and a rated voltage from 3-4 kV to very

10 high transmission voltages, e.g. from 400-800 kv or higher.

Conventional power transformers are described in e,g.

A. C, Franklin and D.P.Franklin, ^'The J Sc P Transformer Book,

A Practical Technology of the Power Transformer" , published

15 by Butterworths , 11th edition, 1990. Problems related to

internal electric insulation and related topics are

discussed in e.g. H.P.Moser, "Transformerboard. Die,

Verwendung von Transformerboard in
Grossleistungstransformatoren" , published by H.Weidman AG,

2 0 Rapperswil mit Gesamtherstellung : Birkhauser AG, Basle,

Switzerland

.

In transmission and distribution of electric energy

transformers are exclusively used for enabling exchange of

25 electric energy between two or more electric systems.

Transformers are available for powers from the 1 MVA region

to the 1000 MVA region and for voltages up to the highest

transmission voltages used today,

30 Conventional power transformers comprise a transformer

core, often formed of laminated commonly oriented sheet,

normally of silicon iron. The core is formed of a number of

legs connected by yokes which together form one or more core

windows. Transformers having such a core are usually called

35 core transformers. A number of windings are provided around

the core legs , In power transformers these windings are

almost always arranged in a concentric configuration and

distributed along the length of the core leg.
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Other types of core structures are, however, known,

e.g. so-called shell transformer structures, which normally

have rectangular windings and rectangular leg sections

disposed outside the windings,

5

Air-cooled conventional power transformers for lower

power ranges are known. To render these transformers screen-

protected an outer casing is often provided, which also

reduces the external magnecic fields from the transformers.

10

Most power transformers are, however, oil-cooled the

oil also serving as an insulating medium. An oil -cooled and

oil -insulated conventional transformer is enclosed in an

outer case which has to fulfil heavy demands. The

15 construction of such a transformer with its associated

circuit couplers, breaker elements and bushings is therefore

complicated. The use of oil for cooling and insulation also

complicates service of the transformer and constitutes an

environmental hazard

.

20

A so-called "dry'' transformer without oil insulation

and oil cooling and adapted for rated powers up to 10 00 MVA

with rated voltages from 3-4 kV and up to very high

transmission voltages comprises windings formed from

25 conductors such as shown in Figure 1. The conductor

comprises central conductive means composed of a number of

non-insulated {and optionally some insulated) wire strands

5 . Around the conductive means there is an inner

semiconducting casing 6 which is in contact with at least

3 0 some of the non- insulated strands 5. This semiconducting

casing 6 is in turn surrounded by the main insulation of the

cable in the form of an extruded solid insulating layer 7.

This insulating layer 7 is surrounded by an external

semiconducting casing 8. The conductor area of the cable can

35 vary between 80 and 3000 mm^ and the external diameter of the

cable between 20 and 250 mm.
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Whilst the casings 6 and 8 are described as "semi-

conducting" they are in practice formed from a base polymer

mixed with carbon black or metallic particles and have a

volume resistivity of between 1 and 10^ Q-cm, preferably

5 between 10 and 500 Q-cm. Suitable base polymers for the

casings 6 and 8 {and for the insulating layer 7) include

ethylene vinyl acetate copolymer/nitrile rubber, butyl

grafted polythene, ethylene butyl acrylate copolymer,

ethylene ethyl acrylate copolymer; ethylene propene rubber,

10 polyethylenes of low density, poly butylene, poly methyl

pentene, and ethylene acrylate copolymer.

The inner semiconducting casing 6 is rigidly connected

to the insulating layer 7 over the entire interface

therebetween. Similarly, the outer semiconducting casing 8

15 is rigidly connected to the insulating layer 7 over the

entire interface therebetween. The casings 6 and 8 and the

layer 7 form a solid insulation system and are conveniently

extruded together around the wire strands 5

.

Whilst the conductivity of the inner semiconducting

20 casing 6 is lower than that of the electrically conductive

wire strands 5, it is still sufficient to equalise the

potential over its surface. Accordingly, the electric field

is distributed uniformly around the circumference of the

insulating layer 7 and the risk of localised field

25 enhancement and partial discharge is minimised.

The potential at the outer semiconducting casing 8,

which is conveniently at zero or ground or some other

controlled potential, is equalised at this value by the

conductivity of the casing. At the same time, the semi-

3 0 conducting casing 8 has sufficient resistivity to enclose

the electric field. In view of this resistivity, it is

desirable to connect the conductive polymeric casing to

ground; or some other controlled potential, at intervals

therealong

.
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The transformer according to the invention can be a

one-, three- or multi-phase transformer and the core can be

of any design. Figure 2 shows a three-phase laminated core

transformer. The core is of conventional design and

5 comprises three core legs 9, 10, 11 and joining yokes 12

,

13 .

The windings are concentrically wound around the core

legs. In the transformer of Figure 2 there are three

10 concentric winding turns 14, 15, 16. The innermost winding

turn 14 can represent the primary winding and the two other

winding turns 15,16 the secondary winding. To make the

Figure more clear such details as connections for the

windings are left out. Spacing bars 17, 18 are provided at

15 certain locations around the windings. These bars 17, 18

can be made of insulating material to define a certain space

between the winding turns 14, 15, 16 for cooling, retention

etc. or be made of an electrically conducting material to

form a part of a grounding system of the windings 14, 15,

20 16.

The mechanical design of the individual coils of a

transformer must be such that they can withstand forces

resulting from short circuit currents. As these forces can

25 be very high in a power transformer, the coils must be

distributed and proportioned to give a generous margin of

error and for that reason the coils cannot be designed so as

to optimize performance in normal operation.

3 0 The main aim of the present invention is to alleviate

the above mentioned problems relating to short circuit

forces in a dry transformer.

This aim is achieved by a transformer as defined in

35 claim 1.

By manufacturing the transformer windings from a

conductor having practically no electric fields outside an
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outer semiconducting casing thereof, the high and low

voltage windings can be easily mixed in an arbitrary way for

minimizing the short circuit forces. Such mixing would be

unfeasible in the absence of the semiconducting casing or

5 other electric field containing means, and would therefore

be considered impossible in a conventional oil-filled power

transformer, because the insulation of the windings would

not withstand the electric field existing between the high

and low voltage windings.

10 It is also possible to reduce the distributed

inductance and design the transformer core for the optimum

match between window size and core mass.

According to an embodiment of the invention at least

15 some of the turns of the low voltage winding are each split

into a number of subturns connected in parallel for reducing

the difference between the number of high voltage winding

turns and the total number of low voltage winding turns to

make the mixing of high voltage winding turns and low

20 voltage winding turns as uniform as possible. Preferably,

each turn of the low voltage winding is split into such a

number of subturns, connected in parallel, such that the

total number of low voltage winding turns is equal to the

number of high voltage winding turns . High voltage and low

25 voltage winding turns can then be mixed in a uniform manner

such that the magnetic field generated by the low voltage

winding turns substantially cancels the magnetic field from

high voltage winding turns.

3 0 According to another advantageous embodiment, the

turns of the high voltage winding and the turns of the low

voltage winding are arranged symmetrically in a chessboard

pattern, as seen in cross -section through the windings.

This is an optimum arrangement for obtaining an efficient

35 mutual cancellation of magnetic fields from the low and high

voltage windings and thus an optimum arrangement for

reducing the short circuit forces of the coils.
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According to still another advantageous embodiment,

at least two adjacent layers have substantially equal

thermal expansion coefficients. In this way thermal damages

to the winding is avoided.

5 Another aspect of the invention provides a method of

winding a transformer as defined in claim 18 ,

To explain the invention in more detail, embodiments

of the transformer according to the invention will now be

10 described by way of example only with reference to the

drawings in which:

Figure 1 shows an example of the cable used in the

windings of the transformer according to the invention;

Figure 2 shows a conventional three-phase transformer;

15 Figures 3 and 4 show in cross-section different

examples of the arrangement of the lov; and high voltage

windings of the transformer of the invention; and

Figure 5 shows a method of winding the transformer.

20 Figure 3 is a cross-section through the portion of the

windings of a power transformer according to the invention

within the transformer core 22, A layer of a low voltage

winding 26 is located between two layers of a high voltage

winding 28, In this embodiment the transformation ratio is

25 1:2.

The direction of the current in the low voltage

winding 26 is opposite to the direction of the current in

the high voltage winding 28 and the resulting forces from

30 the currents in the low and high voltage winding

consequently partially cancel each other. This possibility

of reducing the effect of current induced forces is of great

importance, especially in case of a short circuit.
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Struts 27 of laminated magnetic material, including

spacers 2 9 providing air gaps, are located between the

windings 26, 28 for improving transformer efficiency.

Cancellation of short circuit forces can be improved

5 even further by splitting the turns of the low voltage

winding into a number of subturns connected in parallel,

preferably such that the total number of low voltage turns

becomes equal to the number of high voltage winding turns.

ThuS; if the transformation ratio amounts to e.g. 1:3 each

10 turn of the low voltage winding is split into three

subturns. It is then possible to mix the low and high

voltage windings in a more uniform pattern. An optimum

arrangement of the windings is shown in Figure 4 , where low

and high voltage winding turns 3 0 and 3 2 respectively are

15 arranged symmetrically in a chessboard pattern. In this

embodiment the magnetic fields from each turn of the low and

high voltage windings 30, 3 2 substantially cancel each other

and short circuit forces are almost completely cancelled.

20 When splitting a winding turn into a number of

subturns the conducting area of each subturn can be reduced

correspondingly since the sum of the current intensities in

the subturns remains equal to the current intensity in the

original winding turn. Thus no more conducting material,

25 (normally copper) , is needed when splitting the winding

turns, provided that other conditions are unchanged.

Figure 5 schematically shows how the transformer of

the invention can be wound. A first drum 4 0 carries a high

3 0 voltage conductor 42 and a second drum 44 carries a low

voltage conductor 46. The conductors 42, 46 are unwound

from the drums 46, 44 and wound onto a transformer drum 48,

all three drums 40, 44, 48 rotating simultaneously. Thus

the high and low voltage conductors can easily be

35 intermixed. Joints can be provided between different

winding layers.
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In the transformer of the invention the magnetic

energy and hence the stray magnetic field in the windings is

reduced, A wide range of impedances can be chosen.

The electrical insulation systems of the windings of

5 a transformer according to the invention are intended to be

able to handle very high voltages and the consequent

electric and thermal loads which may arise at these

voltages. By way of example, power transformers according

to the invention may have rated powers in excess of 0 . 5 MVA,

10 preferably in excess of 10 MVA, more preferably greater than

3 0 MVA and up to 1000 MVA and have rated voltages from 3 -

4 kV, in particular in excess of 3 6 kV, and preferably more

than 72,5 kV up to very high transmission voltages of from

400 - 800 kVor higher. At high operating voltages, partial

15 discharges, or PD, constitute a serious problem for known

insulation systems. If cavities or pores are present in the

insulation, internal corona discharge may arise whereby the

insulating material is gradually degraded eventually leading

to breakdown of the insulation. The electric load on the

20 electrical insulation in use of a transformer according to

the present invention is reduced by ensuring that the inner

first layer of the insulation system which has semi-

conducting properties is at substantially the same electric

potential as conductors of the central electrically

25 conductive means which it surrounds and the outer second

layer of the insulation system which has semi -conducting

properties is at a controlled, e,g, earth, potential. Thus

the electric field in the solid electrically insulating

layer between these inner and outer layers is distributed

30 substantially uniformly over the thickness of the

intermediate layer. By having materials with similar

thermal properties and with few defects in these layers of

the insulation system, the possibility of PD is reduced at

given operating voltages. The windings of the transformer

3 5 can thus be designed to withstand very high operating

voltages, typically up to 800 kV or higher.
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Although it is preferred that the electrical

insulation should be extruded in position, it is possible to

build up an electrical insulation system from tightly wound,

overlapping layers of film or sheet-like material. Both the

5 semiconducting layers and the electrically insulating layer

can be formed in this manner. An insulation system can be

made of an all-synthetic film with inner and outer

semiconducting layers or portions made of polymeric thin

film of, for example, PP, PET, LDPE or HDPE with embedded

10 conducting particles, such as carbon black or metallic

particles and with an insulating layer or portion between

the semiconducting layers or portions.

For the lapped concept a sufficiently thin film will

have butt gaps smaller than the so-called Paschen minima,

15 thus rendering liquid impregnation unnecessary. A dry,

wound multilayer thin film insulation has also good thermal

properties

.

Another example of an electrical insulation system is

similar to a conventional cellulose based cable, where a

20 thin cellulose based or synthetic paper or non-woven

material is lap wound around a conductor. In this case the

semiconducting layers, on either side of an insulating

layer, can be made of cellulose paper or non-woven material

made from fibres of insulating material and with conducting

25 particles embedded. The insulating layer can be made from

the same base material or another material can be used.

Another example of an insulation system is obtained by

combining film and fibrous insulating material, either as a

laminate or as co-lapped. An example of this insulation

30 system is the commercially available so-called paper

polypropylene laminate, PPLP, but several other combinations

of film and fibrous parts are possible. In these systems

various impregnations such as mineral oil can be used.
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1. A power transformer comprising at least one high

voltage winding and one low voltage winding, characterised

5 in that each of said windings comprises a flexible conductor

having electric field containing means but which is

magnetically permeable and in that the windings are

intermixed such that turns of the high voltage winding are

mixed with turns of the low voltage winding

.

2_o 2. A transformer according to claim 1, characterised

in that said low voltage winding is wound as a low voltage

winding layer positioned between two corresponding adjacent

high voltage winding layers

.

15 3. A transformer according to claim 1 or 2,

characterised in that said windings are arranged in a

repeated periodic pattern of one high voltage winding layer,

followed by a low voltage winding layer, followed by two

high voltage winding layers, followed by a low voltage

20 winding layer, followed by two high voltage winding layers,

etc ,

4, A transformer according to any one of claims 1 to

3, characterised in that each one of at least some of the

25 turns of the low voltage winding is split into a number of

subturns connected in parallel for reducing the difference

between the number of high voltage winding turns and the

total number of low voltage winding turns.

3 0 5. A transformer according to claim 4, characterised

in that each turn of the low voltage winding is split into

a number of parallel-connected subturns equal to the number

of high voltage winding turns.

35 6. A transformer according to claim 5, characterised

in that the turns of the high voltage winding and the turns

in the low voltage winding are arranged symmetrically in a
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chessboard pattern, as seen in a cross -section through the

windings

.

7 . A transformer according to any one of the preceding

5 claims, characterised in that the conductor comprises

central electrically conductive means, a first layer having

semi -conducting properties provided around said conductive

means, a solid insulating layer provided around said first

layer, and field containing means comprising a second layer

10 having semi -conducting properties provided around said

insulating layer*

8, A transformer according to claim 7,

characterised in that the potential of said first layer is

substantially equal to the potential of the conductor.

15

9, A transformer according to claim 7 or 8,

characterised in that said second layer is arranged to

constitute substantially an equipotential surface

surrounding said conductor.

20

10, A transformer according to claim 9, characterised

in that said second layer is connected to a predetermined

potential

.

25 11. A transformer according to claim 10,

characterised in that said predetermined potential is ground

potential

,

12. A transformer according to any one of claims 7 to

11, characterised in that at least two adjacent layers have

30 substantially equal thermal expansion coefficients.

13 . A transformer according to any one of claims 7 to

12, characterised in that said central conductive means

comprises a plurality of strands of wire, only a minority of

said strands being in electrical contact with each other.
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14. A transformer according to any one of claims 7 to

13, characterised in that each of said three layers is

fixedly connected to the adjacent layers along substantially

the whole connecting surface.

5 15, A transformer according to any one of claims 7 to

14, characterised in that the conductor also comprises a

metal shield and a sheath.

16. A transformer according to any one of claims 7 to

15, characterised in that the cross-section area of the

10 central conductive means is from 80 to 3000 mm^.

17. A transformer according to any one of the

preceding claims, characterised in that the external

diameter of the conductor is from 20 to 250 mm.

15 18 . A transformer according to any one of the

preceding claims, characterised in that struts (27) of

laminated magnetic material are located between the

windings

.

19, A transformer according to any one of the

20 preceding claims, characterised in that the electric field

containing means is designed for high voltage, suitably in

excess of 10 kV, in particular in excess of 3 6 kV, and

preferably more than 72,5 kV up to very high transmission

voltages, such as 40 0 kV to 8 00 kV or higher,

25 20. A transformer according to any one of the

preceding claims, characterised in that the electric field

containing means is designed for a power range in excess of

0.5 MVA, preferably in excess of 30 MVA and up to 1000 MVA.

21. A method of winding a power transformer,

3 0 comprising simultaneously winding high voltage and low

voltage flexible conductors having electric field containing

means but which are magnetically permeable, such that turns



wo 99/28923 PCT/EP98/07729

- 13 -

of the high voltage winding are intermixed with turns of the

low voltage winding.

22. A method according to claim 19, characterised in

that the high voltage and low voltage conductors are

5 simultaneously unwound from respective drums and wound on to

a transformer drum.



wo 99/28923
PCT/EP98/07729

1 / 3





wo 99/28923 PCT/EP98/07729

3 / 3



9847-0062-6xPCT

ENKEL 8368

09/554921

- 1 -

SUBSTITUTE SPECIFICATION

TITLE OF THE INVENTION

TRANSFORMER

CROSS REFERENCE TO RELATED PATENT DOCUMENTS

The present document is based on published international patent application No. WO
99/28923, the entire contents ofwhich being incorporated herein by reference.

BACKGROUND OF THE INVENTION

Field of the Invention:

The present invention relates to a transformer having at least one high voltage winding

and one low voltage winding. The invention is appHcable to power transformers having rated

outputs from a few hundred kVA to more than 1000 MVA and rated voltages from 3-4 kV to

very high transmission voltages, e.g. from 400-800 kV or higher.

Discussion of the Backgroxmd:

Conventional power transformers are described in, e.g., A.C. Franklin and

D.P.Franklin, "The J & P Transformer Book, A Practical Technology of the Power

Transformer", pubUshed by Butterworths, 11th edition, 1990. Problems related to internal

electric insulation and related topics are discussed in, e.g., H.P.Moser, "Transformerboard, Die

Verwendung von Transformerboard in Grossleistungstransformatoren", pubHshed by

H.WeidmaQ AG, Rapperswil mit Gesamtherstellung: Birkhauser AG, Basle, Switzerland.

In transmission and distribution of electric energy trmsformers are exclusively used

for enabling exchange of electric energy between two or more electric systems. Transformers

are available for powers from the 1 VA region to the 1000 MVA region and for voltages up to

the highest transmission voltages used today.

Conventional power transformers include a transformer core, often formed of

laminated commonly oriented sheet, normally of silicon iron. The core is formed of a number
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of legs connected by yokes which together form one or more core windows. Transformers

having such a core are usually called core transformers, A number of windings are provided

around the core legs. In power transformers, these windings are almost always arranged in a

concentric configuration and distributed along the length of the core leg.

5

Other types of core structures are, however, knovra, e.g. so-called shell transformer

structures, which normally have rectangular windings and rectangular leg sections disposed

outside the windings.

1 0 Air-cooled conventional power transformers for lower power ranges are known. To

render these transformers screen-protected an outer casing is often provided, which also reduces

O the external magnetic fields from the transformers.

Most power transformers are, however, oil-cooled the oil also serving as an insulating

-Pi 5 medium. An oil-cooled and oil-insulated conventional transformer is enclosed in an outer case

which has to fulfil heavy demands. The construction of such a transformer with its associated

circuit couplers, breaker elements and bushmgs is therefore comphcated. The use of oil for

%, cooling and insulation also compUcates service of the transformer and constitutes an

r": environmental hazard.

It2 0

?
' A so-called "dry" transformer without oil insulation and oil cooling and adapted for

C; rated powers up to 1000 MVA with rated voltages from 3-4 kV and up to very high

transmission voltages has windings formed from conductors such as shown in Figure 1. The

conductor has a central conductor composed of a number ofnon-insulated (and optionally some

2 5 insulated) wire strands 5. Around the conductor there is an inner semiconducting casing 6 which

is in contact with at least some of the non-insulated strands 5. This semiconducting casing 6 is

in turn surrounded by the main insulation of the cable in the form of an extruded sohd insulating

layer 7. This insulating layer 7 is surrounded by an external semiconducting casing 8. The

conductor area of the cable can vary between 80 and 3000 mm^ and the extemal diameter of the

3 0 cable between 20 and 250 mm.

Whilst the casings 6 and 8 are described as "semiconducting" they are in practice

formed from a base polymer mixed with carbon black or metallic particles and have a resistivity

of between 1 and 10^ Qcm, preferably between 10 and 500 Qcm. Suitable base polymers for

3 5 the casings 6 and 8 (and for the insulating layer 7) include ethylene vinyl acetate

copolymer/nitrile rubber, butyl grafted polythene, ethylene butyl acrylate copolymer, ethylene



- 3 -

ethyl acrylate copolymer, ethylene propene rubber, polyethylenes of low density, poly butylene,

poly methyl pentene, and ethylene acrylate copolymer.

The inner semiconducting casing 6 is rigidly connected to the insulating layer 7 over

5 the entire interface therebetween. Similarly, the outer semiconducting casing 8 is rigidly

connected to the insulating layer 7 over the entire interface therebetween. The casings 6 and 8

and the layer 7 form a soUd insulation system and are conveniently extruded together around the

wire strands 5.

1 0 Whilst the conductivity of the inner semiconducting casing 6 is lower than that of the

electrically conductive wire strands 5, it is still sufficient to equaUse the potential over its

O surface. Accordingly, the electric field is distributed uniformly around the circumference of the

insulating layer 7 and the risk of locahsed field enhancement and partial discharge is minimised.

^15 The potential at the outer semiconducting casing 8, which is conveniently at zero or

fil ground or some other controlled potential, is equalised at this value by the conductivity of the

l^i casing. At the same time, the semiconducting casing 8 has sufficient resistivity to enclose the

L electric field. In view of this resistivity, it is desirable to connect the conductive polymeric

S3 casing to ground, or some other controlled potential, at intervals therealong,

[if2 0

D The transformer according to the invention can be a one-, three- or multi-phase

transformer mid the core can be of any design. Figure 2 shows a three-phase laminated core

transformer. The core is of conventional design and includes three core legs 9, 10, 11 and

2 5 joining yokes 12, 13.

The windings are concentrically wound around the core legs, hi the transformer of

Figure 2 there are three concentric winding turns 14, 15, 16. The innermost winding turn 14 can

represent the primary winding and the two other winding turns 15,16 the secondary winding.

3 0 To make the Figiire more clear such details as connections for the windings are left out.

Spacing bars 17,18 are provided at certain locations around the windings. These bars 17,18 can

be made of insulating material to define a certain space between the winding turns 14, 15, 16 for

cooling, retention etc. or be made of an electrically conducting material to form a part of a

grounding system of the windings 14, 15, 16.

35

The mechanical design of the individual coils of a transformer must be such that they
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can withstand forces resulting from short circuit currents. As these forces can be very high in a

power transformer, the coils must be distributed and proportioned to give a generous margin of

error and for that reason the coils cannot be designed so as to optimize performance in normal

operation.

5

SUMMARY OF THE INVENTION

The main aim of the present invention is to alleviate the above mentioned problems

relating to short circuit forces in a dry transformer.

1 0 This aim is achieved by a transformer having at least one high voltage winding and

one low voltage winding. Each of the windings has a flexible conductor and is capable of

containing an electric field. Each winding is magnetically permeable and the windings are

intermixed such that turns of the high voltage winding are mixed with turns of the low voltage

winding.

15

By manufacturing the transformer windings from a conductor having practically no

electric fields outside an outer semiconducting casing thereof, the high and low voltage

windings can be easily mixed in an arbitrary way for minimizing the short circuit forces. Such

mixing would be unfeasible in the absence of the semiconductor casing or other mechanism for

2 0 containing the electric field, and therefore would be considered impossible in a conventional

oil-filled power transformer, because the insulation of the windings would not withstand the

electrioc field existing between the high and low voltage windings.

It is also possible to reduce the distributed inductance and design the transformer core for

the optimum match between window size and core.

2 5 According to an embodiment of the invention at least some of the turns of the low

voltage winding are each spHt into a number of subtums connected in parallel for reducing the

difference between the number of high voltage winding turns and the total number of low

voltage winding turns to make the mixing of high voltage winding tums and low voltage

winding tums as uniform as possible. Preferably, each turn of the low voltage winding is split

3 0 into such a number of subtums, connected in parallel, such that the total number of low voltage

winding tums is equal to the number of high voltage winding tums. High voltage and low

voltage winding tums can then be mixed in a uniform manner such that the magnetic field

generated by the low voltage winding tums substantially cancels the magnetic field from high

voltage winding tums.

35

According to another advantageous embodiment, the tums of tiie high voltage winding
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and the turns of the low voltage winding are arranged symmetrically in a chessboard pattem, as

seen in cross-section through the windings. This is an optimum arrangement for obtaining an

efficient mutual cancellation of magnetic fields from the low and high voltage windings and

thus an optimum arrangement for reducing the short circuit forces of the coils.

5

According to still another advantageous embodiment, at least two adjacent layers have

substantially equal thermal expansion coefficients. In this way thermal damages to the winding

is avoided.

10

Another aspect of the invention provides a method of winding a transformer that

includes simultaneously winding high voltage and low voltage flexible conductors capable of

containing an electric field but which are magnetically permeable, such that tums of the high

voltage winding are intermixed with tums of the low voltage winding.

15

BRIEF DESCRIPTION OF THE DRAWINGS

To explain the invention in more detail, embodiments of the trmsformer according to

the invention will now be described by way of example only with reference to the drawings in

which:

20

Figure 1 shows an example of the cable used in the windings of the transformer

according to the invention;

Figure 2 shows a conventional three-phase transformer;

25

Figures 3 and 4 show in cross-section different examples of the arrangement of the low

and high voltage windings of the transformer of the invention; and

Figure 5 shows a method ofwinding the transformer.

30

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Figure 3 is a cross-section through the portion of the windings of a power transformer

according to the invention within the transformer core 22. A layer of a low voltage winding 26

is located between two layers of a high voltage winding 28. hi this embodiment the

3 5 transformation ratio is 1 :2.
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The direction of the current in the low voltage winding 26 is opposite to the direction

of the current in the high voltage winding 28 and the resulting forces from the currents in the

low and high voltage winding consequently partially cancel each other. This possibility of

reducing the effect of current induced forces is of great importance, especially in case of a short

5 circuit.

Struts 27 of laminated magnetic material, including spacers 29 providing air gaps, are

located between the windings 26, 28 for improving transformer efficiency.

1 0 Cancellation of short circuit forces can be improved even further by splitting the turns

of the low voltage winding into a number of subtums connected in parallel, preferably such that

the total number of low voltage turns becomes equal to the number of high voltage winding

turns. Thus, if the transformation ratio amounts to e.g. 1 :3 each turn of the low voltage winding

is split into three subtums. It is then possible to mix the low and high voltage windings in a

1 5 more uniform pattern. An optimum arrangement of the windings is shown in Figure 4, where

low and high voltage winding turns 30 and 32 respectively are arranged symmetrically in a

chessboard pattern. In this embodiment the magnetic fields from each turn of the low and high

voltage windings 30, 32 substantially cancel each other and short circuit forces are almost

completely cancelled.

20

When splitting a winding turn into a number of subtums the conducting area of each

subtum can be reduced correspondingly since the sum of the current intensities in the subtums

remains equal to the current intensity in the original winding turn. Thus, no more conducting

material (normally copper) is needed when splitting the winding turns, provided that other

2 5 conditions are unchanged.

Figure 5 schematically shows how the transformer of the invention can be woimd. A
first drum 40 carries a high voltage conductor 42 and a second drum 44 carries a low voltage

conductor 46. The conductors 42, 46 are unwound from the drums 46, 44 and wound onto a

3 0 transformer drum 48, all three drums 40, 44, 48 rotating simultaneously. Thus the high and low

voltage conductors can easily be intermixed. Joints can be provided between different winding

layers.

In the transformer of the invention the magnetic energy and hence the stray magnetic

3 5 field in the windings is reduced, A wide range ofimpedances can be chosen.
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The electrical insulation systems of the windings of a transformer according to the

invention are intended to be able to handle very high voltages and the consequent electric and

thermal loads which may arise at these voltages. By way of example, power transformers

according to the invention may have rated powers from a few hundred kVA up to more than

5 1000 MVA and have rated voltages from 3 - 4 kV up to very high transmission voltages of from

400 - 800 kV or more. At high operating voltages, partial discharges, or PD, constitute a serious

problem for known insulation systems. If cavities or pores are present in the insulation, internal

corona discharge may arise whereby the insulating material is gradually degraded eventually

leading to breakdown of the insulation. The electric load on the electrical insulation in use of a

1 0 transformer according to the present invention is reduced by ensuring that the inner first layer of

the insulation system which has semiconducting properties is at substantially the same electric

potential as conductors of the central electrically conductor which it surrounds and the outer

second layer of the insulation system which has semiconducting properties is at a controlled,

e.g, earth, potential. Thus the electric field in the solid electrically insulating layer between

15 these inner and outer layers is distributed substantially uniformly over the thickness of the

intermediate layer. By having materials with similar thermal properties and with few defects in

these layers of the insulation system, the possibility of PD is reduced at given operating

voltages. The windings of the transformer can thus be designed to withstand very high

operating voltages, typically up to 800 kV or higher.

2 0 Although it is preferred that the electrical insulation should be extruded in position, it

is possible to build up an electrical insulation system from tightly wound, overlapping layers

of film or sheet-hke material. Both the semiconducting layers and the electrically insulating

layer can be formed in this manner. An insulation system can be made of an all-synthetic

film with inner and outer semiconducting layers or portions made ofpolymeric thin film of,

2 5 for example, PP, PET, LDPE, or HDPE with embedded conducting particles, such as carbon

black or metallic particles and with an insulating layer or portion between the semiconducting

layers or portions.

For the lapped concept a sufficiently thin film will have butt gaps smaller than the so-

called Paschen minima, thus rendering liquid impregnation unnecessary. A dry, wound

3 0 multilayer thin film insulation has also good thermal properties.

Another example of an electrical insulation system is similar to a conventional

cellulose based cable, where a thin cellulose based or synthetic paper or non-woven material

is lap wound around a conductor. In this case the semiconducting layers, on either side of an

insulating layer, can be made of cellulose paper or non-woven material made from fibers of

3 5 insulating material and with conducting particles embedded. The insulating layer can be

made from the same base material or another material can be used.
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Another example of an insulation system is obtained by combining film and fibrous

insulating material, either as a laminate or as co-lapped. An example of this insulation

system is the commercially available so-called paper polypropylene laminate, PPLP, but

several other combinations of film and fibrous parts are possible. In these systems various

5 impregnations such as mineral oil can be used.
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CLAIMS

1. A transformer comprising at least one high voltage winding and one low

voltage winding, characterised in that each of said windings comprises a flexible conductor

5 having electric field containing means but which is magnetically permeable and in that the

windings are intermixed such that turns of the high voltage winding are mixed with turns of the

low voltage winding.

2. A transformer according to claim 1, characterised in that said low voltage

10 winding is wound as a low voltage winding layer positioned between two corresponding

adjacent high voltage winding layers.

3. A transformer according to claim 1 or 2, characterised in that said windings

are arranged in a repeated periodic pattern of one high voltage winding layer, followed by a low

1 5 voltage winding layer, followed by two high voltage winding layers, followed by a low voltage

winding layer, followed by two high voltage winding layers, etc.

4. A transformer according to any one of claims 1 to 3, characterised in that

each one of at least some of the tums of the low voltage winding is split into a number of

2 0 subtums connected in p^allel for reducing the difference between the number of high voltage

winding tums and the total number of low voltage winding tums.

5. A transformer according to claim 4, characterised in that each turn of the low

voltage winding is split into a number of parallel-connected subtums equal to the number of

2 5 high voltage winding tums.

6. A transformer according to claim 5, characterised in that the tums of the high

voltage winding and the tums in the low voltage winding are arranged symmetrically in a

chessboard pattern, as seen in a cross-section through the windings.

30

7, A transformer according to any one of the preceding claims, characterised in that the

conductor comprises central electrically conductive means, a first layer having semi-conducting

properties provided aromd said conductive means, a soUd insulating layer provided around said

first layer, and field containing means comprising a second layer having semi-conducting

3 5 properties provided around said insulating layer.
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8. A transformer according to claim 7, characterised in that the potential of said

first layer is substantially equal to the potential of the conductor,

9. A transformer according to claim 7 or 8, characterised in that said second layer is

5 arranged to constitute substantially an equipotential surface surrounding said conductor.

10. A transformer according to claim 9, characterised in that said second layer is

connected to a predetermined potential.

10 11. A transformer according to claim 10, characterised in that said predetermined

potential is ground potential

12. A transformer according to any one of claims 7 to 11, characterised in that at

least two adjacent layers have substantially equal thermal expansion coefficients.

15

13. A transformer according to any one of claims 7 to 12, characterised in that said

central conductive means comprises a plurality of strands of v^ire, only a minority of said

strands being in electrical contact with each other.

2 0 14, A transformer according to any one of claims 7 to 13, characterised in that each

of said three layers is fixedly connected to the adjacent layers along substantially the whole

connecting surface.

15. A transformer according to any one of claims 7 to 14, characterised in that the

2 5 conductor also comprises a metal shield and a sheath.

16. A transformer according to any one of claims 7 to 15, characterised in that the

cross-section area of the central conductive means is firom 80 to 3000 mm^.

3 0 17, A transformer according to any one of the preceding claims, characterised in

that the external diameter ofthe conductor is firom 20 to 250 mm.

18. A transformer according to any one of the preceding claims, characterised in that

struts (27) of laminated magnetic material are located between the windings,

35

19. A transformer according to any one of the preceding claims, characterised in



- 11 -

that the electric field containing means is designed for high voltage, suitably in excess of 10 kV,

in particular in excess of 36 kV, and preferably more than 72.5 kV up to very high transmission

voltages, such as 400 kV to 800 kV or higher,

5 20. A transformer according to any one of the preceding claims, characterised in

that the electric field containing means is designed for a power range in excess of 0.5 MVA,

preferably in excess of 30 MVA and up to 1000 MVA.

21. A method of winding a transformer, comprising simultaneously winding high

1 0 voltage and low voltage flexible conductors having electric field containing means but which

are magnetically permeable, such that turns of the high voltage winding are intermixed with

turns of the low voltage winding.

22. A method according to claim 19, characterised in that the high voltage and low

15 voltage conductors are simultaneously unwound firom respective drums and wound on to a

transformer drum.



- 12 -

ABSTRACT

A power transformer having at least one high voltage winding and one low voltage winding.

5 Each of the windings includes at least one current-carrying conductor, a first layer having

semiconducting properties provided around said conductor, a sohd insulating layer provided

around said first layer, and a second layer having semiconducting properties provided around

said insulating layer. The windings are intermixed such that turns of the high voltage winding

are mixed with turns of the low voltage winding.

0
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of OBLON, SPIVAK, McCLELLAND. MAIER & NEUSTADT, P.C, whose Post Office Address is: Fourth
Floor, 1755 Jefferson Davis Highway, Arling;ton, Virginia 22202.

We (T) declare that all statements made herein of our (my) own knowledge are true and that all statements
made on information and beUef are beUeved to be true; and further that these statements were made with the

knowledge that willful false statements and the Uke so made are punishable by fine or imprisonment, or both,
under Section 1001 of Title 18 of the United States Code and that such willful false statements may jeopardize

the validity of the application or any patent issuing thereon.

J£hors t.e n ,,gCHUTTE

NAME OF FIRST S3EKINVENTOR
Residence: Bangatan 5 B,

S-722 28 Vasteras, SWEDEN tT

Signature of Inventor

Citizen of: SWEDEN

Post Office Address:
same as above

Date

6/99
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Declaration

Pa3L_JI2LMBEEa.

NAME OF SECOND JOINT INVENTOR
Residence:

Haga Parkgata 6C,

s-723 36 Vasteras. SWEDEN SSK

Signature of Inventor

r.;.W.n.f SWEDEN

Post Office Address: same as above

JIM ' 0^"/g
Date

---^n-^BANGEF^T

Signature of Ittvento

NAME OF THIRD JOINT INVENTOR
Residence: Kronvaqen 22,

Citizen of: SWEDEN

Post Office Address:
same as above

ore

Date

Christian_SASSE.
NAME OF FOURTHJOINT INVENTOR

Signature of Inventor

Residence: Drottnincrga tan 4B ,

S-7 24 64 „\taiajLeras , SWEDEN^^X

Citizen of: GERMANY

Post Office Address:
same as above

Date

Peij^X-^XARS^CENSEN

NAME OF FIFTHJOINT INVENTOR
Residence:

Sjovagen 62,

S-141 4 2 ,auddinqe^ SWEDEN V- 1^

Signature of Inventor

r;.;..nnf. DENMARK

Post Office Address: same as above

C 0 .^'h - ^

Date
1/96


